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Abstract 30 

Background: Everyday, humans are exposed to a mixture of environmental chemicals some of which 31 

have endocrine and/or metabolism disrupting actions which may contribute to non-communicable 32 

diseases. The adverse health impacts of real-world chemical exposure, characterized by chronic low 33 

doses of a mixture of chemicals, are only recently emerging. Biosolids derived from human waste 34 

represent the environmental chemical mixtures humans are exposed to in real life. Prior studies in sheep 35 

have shown aberrant reproductive and metabolic phenotypes in offspring after maternal biosolid 36 

exposure.  37 

Objective: To determine if exposure to biosolids perturbs the maternal metabolic milieu of pregnant 38 

ewes, in a fetal sex-specific manner. 39 

Methods: Ewes were grazed on inorganic fertilizer (Control) or biosolid-treated pastures (BTP) from 40 

before mating and throughout gestation. Plasma from pregnant ewes (Control n=15, BTP n=15) obtained 41 

mid-gestation were analyzed by untargeted metabolomics. Metabolites were identified using Agilent 42 

MassHunter. Multivariate analyses were done using MetaboAnalyst 5.0 and confirmed using SIMCA.   43 

Results: Univariate and multivariate analysis of 2,301 annotated metabolites identified 193 44 

differentially abundant metabolites (DM) between control and BTP sheep. The DM primarily belonged 45 

to the super-class of lipids and organic acids. 15-HeTrE, oleamide, methionine, CAR(3:0(OH)) and 46 

pyroglutamic acid were the top DM and have been implicated in the regulation of fetal growth and 47 

development.  Fetal sex further exacerbated differences in metabolite profiles in the BTP group. The 48 

organic acid class of metabolites was abundant in animals with male fetuses. Prenol lipid, sphingolipid, 49 

glycerolipid, alkaloid, polyketide and benzenoid classes showed fetal sex-specific responses to biosolids. 50 

Discussion:  51 
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Our study illustrates that exposure to biosolids significantly alters the maternal metabolome in a fetal 52 

sex-specific manner. The altered metabolite profile indicates perturbations to fatty acid, arginine, 53 

branched chain amino acid and one-carbon metabolism. These factors are consistent with, and likely 54 

contributes to, the adverse phenotypic outcomes reported in the offspring. 55 

 56 

1. Introduction 57 

Humans are exposed daily to a mixture of environmental chemicals, including endocrine 58 

disrupting chemicals (EDCs) such as bisphenol A, perchlorates, phthalates, per- and polyfluoroalkyl 59 

substances, all of which can interfere with normal homeostasis. Developmental exposure to these 60 

chemicals is believed to contribute to a range of non-communicable diseases such as obesity, type II 61 

diabetes, cardiovascular disease, male and female reproductive disorders, hormone-sensitive cancers, 62 

thyroid disruption, and developmental and neurological disorders 1-4. The estimated annual economic 63 

burden and disease cost of the effects of EDCs is $340 billion in the USA 5, but this is likely to be an 64 

underestimate, as this data only relates to a small subset of EDCs. 65 

Several studies have confirmed a direct relationship between individual EDCs and the 66 

manifestation of endocrine dysfunction with resultant adverse human health impacts 6-9. These traditional 67 

single exposure studies, fail to reflect the ‘real-life’ scenario, which is characterized by exposure to 68 

chronic, low concentrations of mixtures of chemicals, studies of which are only recently emerging 10-12. 69 

The Endocrine Society’s recent statement on EDCs also recognizes this concern and has stressed the 70 

importance of transitioning EDC research from individual chemicals to mixture-research 1. The emerging 71 

mixture studies are more often limited to specific classes of chemicals such as phthalates 13, heavy metals 72 

14, and polyfluoroalkyl substances (PFAS) 15, or a small subset of compounds from these different classes 73 

16-18, which still under-represents the real-world scenario. Some studies have used a combined 74 
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toxicological assessment and regression models to predict mixture-effects based on toxicodynamic 75 

assumptions 19-21. However, environmental chemicals in a mixture can act by additive, antagonistic or 76 

synergistic mechanisms 22 in combination with other biotic and abiotic stressors 23, and the resultant health 77 

outcomes cannot be predicted by the above methods. These inherent challenges make the toxicological 78 

assessment of chemical mixtures using traditional approaches unreliable. 79 

Biosolids are the by-product of treated sewage sludge generated during the domestic wastewater 80 

treatment process. They are rich in organic and inorganic plant nutrients and are extensively used in 81 

agriculture 24 and landscaping as an alternative to inorganic fertilizers. However, biosolids are also an 82 

environmental source of contaminants like microplastics 25, and they contain the array of chemicals 83 

humans are exposed to in real life 26, including PFAS 27 , phthalates28, BPA29 and other EDCs 30-32 all of 84 

which are present at environmentally representative concentrations 33,34.  Pregnant sheep grazed on 85 

biosolids-treated pastures (BTP) have measurable amounts of EDCs present in both adult and fetal tissues 86 

35,36. As sheep are a precocial species with fetal developmental timing similar to humans 37,38, sheep grazed 87 

on BTP represent an established and unique translationally relevant model to determine the effects of 88 

exposure to mixtures of environmentally relevant concentrations of environmental chemicals including 89 

EDCs with regard to physiological systems and health. Crops fertilized with biosolids have entered the 90 

human food chain. There is evidence on the accumulation of pharmaceuticals and personal care products 91 

in crop plants from biosolids treated soil 39, exposing another route through which biosolids affect humans. 92 

There is mounting evidence that maternal insults during critical stages of fetal development can 93 

alter the epigenome 40 and transcriptome 41,42 and lead to long-term, sex-specific effects on offspring health 94 

16,42-48. Previous studies using the BTP sheep model have demonstrated adverse effects of gestational 95 

biosolids exposure on the fetus including changes in bone mineral density 49, disruptions within the fetal 96 

reproductive neuroendocrine axis 47,50,51, spermatogenic abnormalities and mixed testicular atrophy 52-54, 97 
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alterations within the ovarian proteome and genes involved in ovarian development 55,56, and increased 98 

thyroid weight 57. Some of these studies also revealed sex-specific differences in the phenotypic outcome 99 

like the increase in thyroid gland weights was more pronounced in male fetuses 57 whereas decreased bone 100 

mineral density was observed in female fetuses 49. The maternal metabolic environment is critical for 101 

normal fetal development 58 and metabolic programming 59. Circulating metabolites such as pyruvate, 102 

lipids and amino acids act as important mediators of maternal-fetal communications as they are used to 103 

signal the needs of the developing fetus to the mother to effect physiological changes including increased 104 

uterine blood flow, muscle catabolism and enhanced glucose production 60. The maternal metabolome 105 

could also reflect fetal sex-specific adaptations to environmental stressors, however, the mechanisms of 106 

this are poorly understood. The effects of environmental chemicals on the metabolome of pregnant ewes 107 

have not been characterized and an investigation of its potential disruption in BTP sheep will aid our 108 

understanding of the physiological and molecular responses to real-life environmental chemical-mixture 109 

exposure and observed phenotypic outcomes in the offspring of BTP ewes. Untargeted metabolomics is a 110 

high-throughput technology that detects thousands of small metabolites in biological specimens without 111 

prior knowledge of which metabolites may be present. It has recently been used in combination with other 112 

‘omic’ technologies to provide evidence of exposure to xenobiotic mixtures 61-63 and disrupted endogenous 113 

metabolite profiles in response to their exposure 64-66. We hypothesized that maternal exposure to biosolids 114 

will perturb the maternal metabolic milieu, in a fetal sex-specific manner, which may be linked to the 115 

adverse phenotypic outcomes in the offspring, evidenced  in previous studies using this model 41,42,52-54,56.  116 

 117 

2. Methods 118 

2.1. Ethics statement: All the animals were maintained under normal husbandry conditions at the 119 

University of Glasgow Cochno Farm and Research Centre. All procedures were conducted in accordance 120 
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with the UK Home Office Animals (Scientific Procedures) Act 1986 regulations under license (PPL 121 

PF10145DF). 122 

 123 

2.2. Animals: EasyCare ewes (Ovis aries) were maintained from 4 weeks prior to mating on pastures 124 

fertilized with either biosolids (BTP), at conventional rates (4 tonnes/ha, twice per annum, April/ 125 

September) or inorganic fertilizer supplying equivalent amounts of nitrogen (225 kg N/ha per annum) 126 

(control) 34,47. The control and BTP pastures, while on the same farm, were over 1 kilometer apart from 127 

each other and were separated by both a dirt road and a stream ensuring separation of the animals. The 128 

pastures were at similar forage maturity and quality at the beginning of the study. Ewes were randomly 129 

allocated to the control or BTP groups. When fertilizers were applied, the sheep were kept off the pastures 130 

for at least 3 weeks as per UK legislation, after which animals were maintained on these pastures for the 131 

same length of time; any effect of season or timing of application are not relevant for the purpose of this 132 

study and likely to be minimal. Pre-conceptional maternal weight was not significantly different between 133 

the Control (68.5 6.7 kg and BTP 70 5.16 kg) groups. Ewes were mated by laparoscopic artificial 134 

insemination (AB Europe, Edinburgh UK) as per normal husbandry procedures. Briefly, the estrous cycle 135 

of ewes was synchronized by treatment for 12 days with intravaginal Chronogest CR sponges (MSD 136 

Animal Health UK ltd) followed by PMSG administration (400iu Intervet) on the day of sponge 137 

removal. The onset of estrus was facilitated by maintenance of ewes near the rams for 24 hours before 138 

artificial insemination. Semen from four rams, which had been maintained on control pastures, was used 139 

for artificial insemination of ewes from both control and BTP groups. A blood sample was collected from 140 

ewes on day 90 of gestation (which approximates mid-gestation of the 147-day gestation period in sheep), 141 

centrifuged, and the plasma harvested and stored at -20 °C. Plasma from pregnant ewes (Control, n = 15; 142 

BTP, n =15) were shipped on dry ice to the University of Michigan where it was received in a frozen state 143 
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within 6 days and stored at -80 °C until analysis. Analysis to determine potential effects of fetal sex was 144 

carried out using samples from ewes that carried either only male fetuses (control, n = 9; BTP, n = 5) or 145 

only female fetuses (control, n = 5; BTP, n = 7). Ewes with twin or triplet pregnancies with mixed sex 146 

fetuses were excluded from the fetal sex-specific analyses. Body condition score (BCS) of ewes (based 147 

on a 5-point scale: 1 = lean and 5 = obese) at parturition did not differ between Control (BCS = 2.2 0.53) 148 

and BTP (BCS = 2.4 0.51) groups. 149 

 150 

2.3. Sample preparation: Plasma samples were removed from -80 °C storage and maintained on wet ice 151 

throughout the processing steps.  To 100 µL sample, 400 µL of extraction solvent (1:1:1 Methanol: 152 

Acetonitrile:Acetone) containing internal standards was added. Samples were vortexed and incubated 153 

overnight at -20°C. Post incubation, the vortex step was repeated, and samples were centrifuged for 10 154 

min at 14,000 RPM and 4° C to precipitate protein. From the supernatant, 200 µL was transferred to an 155 

autosampler vial and brought to complete dryness using a nitrogen blower in ambient conditions. Samples 156 

and controls were reconstituted with 100 µL of water: methanol (8:2 by volume).  157 

 158 

2.4. Untargeted metabolite profiling: RPLC-MS was undertaken as described previously 67. Briefly, 159 

samples were analyzed on an Agilent 1290 Infinity II / 6545 qTOF MS system with the JetStream 160 

Ionization (ESI) source (Agilent Technologies, Inc., Santa Clara, CA USA) using the Waters Acquity HSS 161 

T3 1.8 µ 100 mm column (Waters Corporation, Milford, MA). Each sample was analyzed twice, once in 162 

positive and once in negative ion mode. The injection volume for positive and negative mode was 5 µL 163 

and 8 µL, respectively. Source parameters were drying gas temperature 350°C, drying gas flow rate 10 164 

L/min, nebulizer pressure 30 psi, sheath gas temp 350°C and flow 11 L/min, and capillary voltage 3500V, 165 

with internal reference mass correction. 166 
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 167 

2.5. Quality Control: Several quality control measures were employed. A pooled sample (a small amount 168 

of extract from each of the 30 samples) was run every ~5 samples to check for instrument drift during the 169 

run. The samples were randomized to avoid any bias by group.  Isotopically labeled internal standards 170 

were present in the metabolite extraction solvent which could have been used for normalization in lieu of 171 

drift correction but was not needed. A long-term control Pooled Plasma (from bio reclamation) was run 172 

before and after the samples, to determine if missingness of named metabolites was due to instrument 173 

issue or if they were undetectable in our sample.  Detection of all of the named compounds in this Long-174 

Term Control ensured that all procedures in the preparation of samples and the LC-MS runs worked as 175 

expected. 176 

 177 

2.6. Metabolite Detection: Identification of chromatographic peaks that represent features for this 178 

platform followed a hybrid targeted/non-targeted approach. Semi-quantitative data for known compounds 179 

was obtained by manual integration using Profinder v8.00 (Agilent Technologies, Santa Clara, CA.) 180 

Metabolites were identified by matching the retention time (+/- 0.1 min), mass (+/- 10 ppm) and isotope 181 

profile (peak height and spacing) to authentic standards. Non-targeted data detection was performed using 182 

Agilent’s MassHunter Find by Molecular Feature workflow (v7.0) with recursion using Agilent’s Mass 183 

Profiler Pro (v8.0).  184 

 185 

2.7. Metabolite Data Cleaning and Degeneracy Removal: A pooled QC sample based robust ‘locally 186 

estimated scatterplot smoothing’ (LOESS) signal correction 68 was used to correct signal drift, batch 187 

effects, and to normalize the data, thus reducing systematic bias. A combined feature set was generated 188 

by merging untargeted features and named metabolites into a single feature list. The combined feature set 189 
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underwent data reduction using Binner 67. Briefly, Binner performed RT-based binning, followed by 190 

clustering of features by Pearson’s correlation coefficient, and then assigned isotopes, adducts or in-source 191 

fragments by searching for known mass differences between highly correlated features. In-house software 192 

was used to search Refmet (https://www.metabolomicsworkbench.org/databases/refmet/index.php) to 193 

provide MSI 69 Level III identifications, or to an in-house library of authentic standards to provide MSI 194 

Level I identifications. 195 

 196 

2.8. Identification of unknowns: Iterative Data Dependent (iDDA) ms/ms analysis was performed on the 197 

pooled sample material. iDDA captures ms/ms in a stepwise fashion, with rolling excluded precursors. 198 

Five rounds of iDDA were performed at collision energy 20 and 40 for both positive and negative modes. 199 

At each collision energy, ~8000 ms/ms spectra were collected, which represents ms/ms spectra for 200 

approximately 75-95% of the features obtained by the untargeted data analysis. Analysis of iDDA spectra 201 

using NIST2020 was performed to provide MSI Level II identification for statistically significant features. 202 

Only validated (n=101 for Negative mode; n=140 for Positive mode) and putatively annotated (n=905 for 203 

Negative mode; n=1155 for Positive mode) features were used for further statistical analyses. 204 

 205 

2.9. Statistical Comparison of Control and BTP Maternal Metabolome: Files with peak intensity 206 

values were uploaded to the online platform MetaboAnalyst (v5.0) 69 for analysis. The optimum handling 207 

of missing values in untargeted metabolomic analyses has been a subject of contention with several 208 

recommended workflows based on the type of data.70-72 Features with over 50% missing values were 209 

removed from the analysis, the remaining missing values were estimated by K-Nearest Neighbours 210 

Algorithm imputation and features were filtered based on interquartile range to remove noise. This ensured 211 

that we did not remove features that were differentially missing between control and BTP groups that may 212 

be of biological importance. The feature values were log-transformed and auto-scaled 73 to minimize the 213 

https://www.metabolomicsworkbench.org/databases/refmet/index.php
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impact of noise and high variance of the variables. Comparisons were made between the control (n=15) 214 

and BTP groups (n=15) and fetal sex (Male: Control, n=9, BTP, n=5; Female: Control, n=5, BTP, n= 7).  215 

 216 

Multi-dimensional statistical analysis was performed for the processed data using MetaboAnalyst5.0. 217 

Principal component analysis (PCA) was done to identify the principal components (PC), visualize the 218 

clustering, trends, and outliers in the data. In the BTP group, there were two outliers outside the 95% 219 

confidence region on the scores plot and they were removed from further analysis (Supplementary figure 220 

S1a). Orthogonal projections to latent structure discriminant analysis (OPLS-DA) was performed to 221 

identify differences in metabolic profiles and screen for differential metabolites responsible for the 222 

differentiation between control and BTP groups.  PCA and OPLS-DA are distinct modeling frameworks 223 

that accomplish different goals and extract different information from metabolomics data 74 and  hence 224 

we present both PCA and OPLS-DA analysis alongside each other as commonly represented in many 225 

metabolomic studies. 75,76 The OPLS-DA scores plot showed the distribution of the two groups. The 226 

robustness of the model is indicated by the Q2 and R2Y values represented in the Q2/R2Y overview plot. 227 

The R2Y gives goodness of fit and Q2 gives the predictive ability of the model. Models with Q2 and R2Y 228 

values >0.5 were considered stable and reliable models 77. To avoid overfitting of the OPLS-DA models, 229 

random permutation testing with 100 permutations was done. As some of the models had lower Q2 values, 230 

we also performed PCA and OPLS-DA analyses using SIMCA version 17 (Umetrics, Sweden) and 231 

confirmed the models using a permutation test with 100 permutations. The variable importance in 232 

projection (VIP) plot derived from OPLS-DA was used to identify the metabolites that contributed the 233 

most to the model. A VIP cut-off value of 1.0 was used to select important features 78. Since independent 234 

metabolite differences may complement each other, which cannot be reflected in a univariate analysis 79, 235 

significantly different metabolites were obtained based on the criteria that, FDR adjusted, Student’s t-test 236 

P value < 0.05 and VIP > 1. The heatmap was constructed based on the top metabolites of importance 237 
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identified by Student’s t-test. The differential metabolites were matched to metabolomics pathways using 238 

the Pathway Analysis and Enrichment Analysis feature in MetaboAnalyst.  Pathways were considered 239 

significantly enriched if P < 0.05, impact 0.1 and number of metabolite hits in the pathway ≥ 2. For the 240 

class analysis of metabolites, log-transformed, scaled peak-intensity values of the differential metabolites 241 

were used. An unpaired Mann-Whitney U test was used to test for significance between the control and 242 

BTP groups. Benjamini-Hochberg adjusted P value <0.05 was considered significant. Two-way ANOVA 243 

with Tukey’s post hoc test with alpha value set to 0.05 was used for inter-group comparisons of fetal sex 244 

in the two groups. Bar graphs were generated using GraphPad Prism 9.4.1(GraphPad Software,Inc., San 245 

Diego, CA). 246 

 247 

2.10. Correlation Network Construction:  MetaboAnalyst 5.0 web-tool was used to construct a De-248 

Biased Sparse Partial Correlation (DSPC) network based on the differential metabolites. The nodes 249 

indicate the metabolites, and the edges represent the partial correlation coefficients. The default DSPC 250 

network only showed the top correlation based on their P value ranking. 251 

 252 

3. Results: 253 

3.1. Metabolite profiling in control and BTP groups: Using the untargeted metabolomics approach, the 254 

negative ionization mode identified 2,548 metabolites comprising 1,006 known metabolites and 1,542 255 

unknown metabolites while the positive ionization mode identified 3,675 metabolites, including 1,155 256 

known metabolites and 2,520 unknown metabolites. Only known metabolites were used for further 257 

analysis. An unsupervised PCA revealed intrinsic variations within the data and reduced the 258 

dimensionality of the data. In the negative ion mode, PCA scores showed that PC1 and PC2 were 259 

responsible for 17.4% and 13.3% of the variation respectively. In the positive ion mode, PCA scores 260 
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showed that PC1 and PC2 were responsible for 15.5% and 13.9% of the variation respectively. The PCA 261 

indicated a moderate separation between the control and BTP groups (Figure 1- top). A supervised OPLS-262 

DA showed a strong clustering of the control and BTP groups based on metabolite abundance (Figure 1 263 

bottom). The OPLS-DA model generated had a R2Y value of 0.88 and Q2 score of 0.74 in the negative 264 

ion mode and a R2Y value of 0.79 and Q2 score of 0.71 in the positive ion mode, indicating a robust model 265 

with good fit and predictive power. The validation of the OPLS-DA model by permutation test confirmed 266 

that the models were not random or over-fitted and the differences between the groups within the model 267 

were highly significant. This was confirmed by the models in SIMCA with high R2Y and Q2 values 268 

(Supplementary figure S1b). 269 

 270 

3.2. Impact of biosolids exposure on metabolites: Students t-test identified 92 and 123 differentially 271 

abundant metabolites in the BTP group compared to the controls, from the negative and positive ion 272 

modes, respectively. A heatmap of the top 25 significant differential metabolites, indicated variable 273 

pattern of abundance of the metabolites in control and BTP groups in the negative and the positive modes 274 

(Supplementary figure S2a). OPLS-DA identified 210 and 279 metabolites with VIP>1 that differentiated 275 

the control and BTP groups from negative and positive ion modes, respectively. The top 25 metabolites 276 

with highest VIP from the negative and positive modes and their direction of change in the control and 277 

BTP groups are represented in the VIP Score plot (Supplementary figure S2b). After removing duplicate 278 

entries between the two modes, a total of 193 metabolites were identified as differential metabolites (DM) 279 

between the control and BTP groups (Supplementary Table S1).  The top 10 DM from the negative and 280 

positive modes are listed in Table 1.  281 

 282 
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3.3. Metabolite classes impacted by biosolids exposure: The 193 differential metabolites between 283 

control and BTP groups were organized into 10 classes, the proportions of which are shown in Figure 2a. 284 

The sub-class distribution of differential metabolites belonging to the top 2 classes: Lipid and lipid-like 285 

molecules (75) and organic acids and derivatives (59) are represented in Figures 2b and 2c, respectively. 286 

Lipid and lipid-like molecules primarily included fatty acyls and glycerophospholipid sub-classes, while 287 

the organic acids and derivatives class majorly included amino acids, peptides and analogues sub-classes. 288 

The other classes each of which represented between 5% and 10% of the differentially abundant 289 

metabolites included organoheterocyclic compounds (20), benzenoids (15) and nucleosides, nucleotides 290 

and analogs (10). Pathway analyses revealed that the valine-leucine-isoleucine biosynthesis, aminoacyl t-291 

RNA biosynthesis and phenylalanine, tyrosine and tryptophan biosynthesis pathways were enriched in the 292 

BTP group (Figure 2d).  293 

Levels of abundance of the different classes of the differential metabolites that were significantly 294 

different between the control and BTP groups are represented in figure 3. Overall, among the lipids, fatty 295 

acyls (FA), prenol lipids (PL) and sphingolipids (SL) were present at a significantly lower level, while 296 

glycerophospholipids (GPL) and glycerolipids (GL) were present at a higher level in the BTP group. The 297 

pattern of expression of different sub-classes of lipids between the different groups is represented in a 298 

heatmap in supplementary figure S3. The next major class of differential metabolites, organic acids and 299 

derivatives, which primarily comprised of amino acids and peptides, showed an overall decreased 300 

abundance in the BTP group (Figure 3, Supplementary figure S4). Nucleosides, nucleotides and analogues 301 

class of differential metabolites were increased due to BTP exposure (Figure 3, Supplementary figure 302 

S5a). BTP exposure was also associated with reduced levels of the alkaloid class of metabolites but 303 

increased levels of phenylpropanoids and polyketide metabolites (Figure 3, Supplementary figure S5b and 304 

c). Organic compound classes like organoheterocyclic, organic nitrogen, organic oxygen and organosulfur 305 
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compounds showed a decreasing trend in the BTP group (Supplementary figure S5d), but the effect was 306 

not statistically significant. Benzenoids were elevated in the plasma of BTP animals (Figure 3, 307 

Supplementary figure S6 top). Analyzing the different sub-class of lipids, the fatty acyl class consisted of 308 

differential metabolites from fatty acid, acyl carnitines and fatty amide sub-classes. Long chain fatty acids 309 

like sebacic acid and 15-HeTrE were lower, while dodecanedioic acid, eicosanedioic acid, and 310 

eicosapentanoic acid were higher in the BTP group (Figure 4a). Relative levels of 14 acylcarnitines were 311 

lower in the BTP group (Figure 4b). Among the fatty amides, oleamide and palmitamide levels were 312 

higher and S-(2-Methylpropionyl)-dihydrolipoamide-E was lower in the BTP group (Figure 4c). 313 

Similarly, within the organic acids and derivatives class, the branched chain amino acids - valine, leucine 314 

and other amino acids including methionine, tyrosine, citrulline, creatinine, ornithine, alanine, 315 

homoarginine and phenylalanine were present at higher levels in the BTP group (Figure 5, Supplementary 316 

table S2). Summary statistics for all comparisons of metabolite expression between control and BTP 317 

groups with P values are listed in supplementary table S2. In general, the data implies specific patterns of 318 

differences in metabolite levels associated with exposure to BTP. 319 

 320 

3.4. Exogenous metabolites: The identified differentially abundant exogenous metabolites were small 321 

molecules derived from drugs, food, microbes, synthetic compounds in personal care products that are not 322 

part of natural biology of the source organism. The 41 differential exogenous metabolites identified in the 323 

BTP group are listed in supplementary table S3. Of these, (2-Chlorophenyl) diphenylmethane, 10-324 

nitrooleic acid, 2- amino hippuric acid, octadecatrienoic acid, biotin sulphate, cartap, 7-325 

aminocephalosporanic acid and phosphonoacetaldehyde have been identified as part of the human 326 

exposome. The differentially abundant exogenous metabolites also included the microbial metabolites 327 
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benzoic acid, threonic acid, citramalic acid and O-demethylpuromycin. The other exogenous metabolites 328 

were largely identified as metabolites derived from food and drugs. 329 

 330 

3.5. Correlation Network: Differential endogenous and exogenous metabolites were used to construct 331 

De-Biased Sparse Partial Correlation Network (DSPC) to investigate potential interaction and regulation 332 

among all metabolites. The correlation subnetworks constructed identified dense positive interactions 333 

between exogenous metabolites of the benzenoid family and the organic acid derivatives 334 

(phenylacetylglycine and phosphonoacetaldehyde), fatty acids  (dodecanedioic acid, nucleotide analogue 335 

- 7-methylxanthosine) and the organic compound  midazolam. (Supplementary figure S6 bottom). 336 

 337 

3.6. Potential Biomarkers: The OPLS-DA model S-plot, VIP score and t-test were used to identify 338 

potential signatures of BTP exposure (Figure 6). 15-HeTrE, oleamide, methionine, GTOL, 339 

tetraphenylphosphonium, ornithine and lysine were the metabolites that showed increased levels in the 340 

BTP group. The metabolites CAR (3:0(OH)), pyroglutamic acid, cartap, N-Decanoyglycine, Arg-Ile-Pro 341 

and 5-O-Methylvisamminol showed lower levels in the BTP group. 342 

 343 

3.7. Effect of fetal sex on metabolites: Within control and BTP groups, comparison of the metabolome 344 

of ewes carrying male or female fetuses using unsupervised (PCA) and supervised multivariate analysis 345 

(OPLS-DA), revealed no significant clustering of metabolites. However, when animals were stratified 346 

based on fetal sex and the metabolome of control and BTP groups was compared, sex-specific effects of 347 

biosolids treatment on the metabolome were apparent. In ewes carrying male fetuses, moderate grouping 348 

was seen between BTP, and control ewes based on multivariate analysis of metabolites. PCA scores 349 

showed that PC1 and PC2 were responsible for 29.6% and 16.7% of the variation respectively. In the 350 
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positive ion mode, PCA scores showed that PC1 and PC2 were responsible for 25.4 % and 17.8% of the 351 

variation respectively (Figure 7a- top). The PCA did not reveal a clear separation between control and 352 

BTP groups. However, the OPLS-DA model generated (Figure 7a- bottom) had a R2Y value of 0.75 and 353 

Q2 score of 0.40 in the negative ion mode and a R2Y value of 0.81 and Q2 score of 0.40 in the positive ion 354 

model. In ewes carrying female fetuses, a clear grouping of control and BTP groups was evident by both 355 

univariate and multivariate analyses. In the negative ion mode, PCA scores showed that PC1 and PC2 356 

were responsible for 19.9% and 16% of the variation respectively. In the positive ion mode, the PCA 357 

scores showed that PC1 and PC2 were responsible for 22.9% and 17% of the variation respectively (Figure 358 

7b- top). The PCA indicated a moderate separation between control and BTP groups. The OPLS-DA 359 

model generated (Figure 7b- bottom) had a R2Y value of 0.93 and Q2 score of 0.68 in the negative ion 360 

mode and a R2Y value of 0.88 and Q2 score of 0.58 in the positive ion mode, indicating a robust model 361 

with good fit. The confirmation models derived from SIMCA software are included in the supplementary 362 

(Supplementary figure S7). 363 

From fetal sex-specific analyses, in ewes carrying male fetuses, univariate analysis comparing 364 

control and BTP ewes identified 15 metabolites that were differentially abundant, with the top 5 being 365 

Oleamide, Tetraphenylphosphonium, Pyroglutamic acid, 5-Hydroxytryptophol glucuronide and Arg-Ile-366 

Pro (Supplementary Table S4, Supplementary figure S8). From ewes carrying female fetuses, a total of 367 

83 differential metabolites were identified with the top 5 being 15-HeTrE, alpha-cyclohexylmandelic acid, 368 

aflatoxin B1 dialcohol, MG (17:0), and CAR (DC6:0) (Supplementary Table S5). The heatmap based on 369 

the top 25 significant metabolites based on a t-test indicated variable pattern of expression of the 370 

metabolites in control and BTP groups (Supplementary figure S9a). The VIP score of the top 25 371 

metabolites from the OPLS-DA models, and heatmap showing the direction of change are represented in 372 

the VIP Score plot (Supplementary figure S9b).  373 
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The fetal sex-specific expression of the different classes of the differential metabolites that were 374 

significantly different between the control and BTP groups are represented in figure 7c. Metabolites of 375 

the alkaloid class and the lipid sub-classes, prenol lipid and sphingolipid classes of metabolites were 376 

significantly different between the control and BTP groups only in animals with male fetuses, whereas the 377 

levels of polyketides, benzenoids and glycerolipid sub-class of metabolites was different between the 378 

treatment groups only in animals with female fetuses. The benzenoid class of metabolites also had a 379 

significant interaction between the treatment and fetal-sex effects based on ANOVA. The organic acids 380 

and derivatives class of metabolites showed fetal-sex specificity with higher levels of organic acids in 381 

ewes carrying male fetuses of both control and BTP groups. Summary statistics for all comparisons of 382 

metabolite expression between control and BTP groups based on fetal sex are listed in Supplementary 383 

table S6.   384 

4. Discussion: 385 

The current study used an untargeted metabolomics approach and provided evidence that exposure 386 

to ‘real-life’ low dose mixtures of environmental chemicals from grazing on BTP prior to conception and 387 

throughout gestation, perturbs the maternal metabolome during mid-pregnancy in sheep. The 193 388 

differentially abundant metabolites identified in the plasma of BTP ewes included several environmental 389 

chemicals and endogenous metabolites that are known to affect fetal development, including oleamide, 390 

pyroglutamic acid and 15-HeTre. The majority of the differentially abundant metabolites were either lipids 391 

and lipid-like molecules or amino acids and their derivatives. Importantly, the sex of the fetuses further 392 

exacerbated differences in metabolite profiles in the BTP group. Although BTP ewes with male fetuses 393 

showed differences in their metabolite profile compared to control ewes, BTP ewes carrying female 394 

fetuses showed a greater number of differences in their metabolite profile compared to control ewes.. 395 

Overall, the results suggest a previously unappreciated impact of exposure to low level chemical mixtures 396 
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on the maternal metabolome, which could have potential implications for fetal development.  The 397 

relevance of the differential metabolites to the previously observed phenotypic changes in the BTP 398 

offspring including changes in spermatogenic and oocyte development, altered bone mineral density, 399 

increased thyroid organ weight and reproductive-neuroendocrine systems 36,47,49-53,55-57 are discussed 400 

below. 401 

 402 

4.1. Multiple lipid species altered by biosolids exposure: Maternal lipids are major determinants of fetal 403 

development and offspring health. 80,81 It is therefore of interest that 38% of the metabolites that were 404 

differentially present in BTP mothers were lipids and lipid-like molecules.  The contribution from different 405 

lipid sub-classes is an essential consideration when studying the impact of perturbations in maternal lipid 406 

metabolism. The fatty acyl sub-class, which comprised over half of the lipid molecules that were altered 407 

in the BTP group, included fatty acids, acylcarnitines and fatty amides. Levels of the long chain fatty acids 408 

dodecanedioic acid, eicosapentanoic acid and eicosanedioic acid were increased, while sebacic acid and 409 

15-HeTre were decreased in the BTP group compared to the controls. Maternal plasma fatty acids are 410 

involved in cell growth, signaling and development and are therefore key to normal fetal development and 411 

developmental programming 82,83. Essential fatty acids and polyunsaturated fatty acids are used by the 412 

developing fetus to maintain plasma membrane dynamics, as an energy source and as a precursor for 413 

bioactive compounds 84. Hence disrupted patterns of fatty acids and polyunsaturated fatty acids in the 414 

maternal metabolome of BTP ewes could have far reaching consequences for fetal health. Indeed, 415 

impaired fatty acid metabolism has previously been shown to adversely affect oocyte development 85 and 416 

spermatogenesis 86. Acylcarnitine sub-class of metabolites, which transport long-chain fatty acids into the 417 

mitochondria for -oxidation and are critical for energy production to sustain cellular activity 87, were 418 
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lower in the BTP group compared to the controls, suggesting the BTP sheep may have impaired -419 

oxidation 88, which could negatively affect growth and development of the fetus 89.  420 

The BTP sheep also had altered levels of fatty amides, which are bioactive, endogenous signaling 421 

molecules that regulate various cellular and physiological functions 90. The fatty amide methylpropionyl 422 

dihydrolipoamide, an intermediate in branched-chain amino acid degradation 91, was increased in BTP 423 

sheep. The fatty amides oleamide and palmitamide, which were elevated in BTP sheep, are known to 424 

interact with the endocannabinoid receptors 92,93, which is associated with fetal health, 94 oocyte 425 

development 95 and maturation 96, regulation of bone formation and bone mass 97, regulation of the 426 

reproductive- neuroendocrine axis 98 and spermatogenesis 99. Animals in the BTP group also had increased 427 

glycerolipids, the storage form of fatty acids in adipocytes 100, and glycerophospholipids - key components 428 

of the lipid bilayer of cells. Increased glycerophospholipid metabolites in pregnancy, as seen in the BTP 429 

sheep, are associated with decreased methylation of genes related to fetal development101 and hence could 430 

have a long-lasting impact on fetal health. BTP ewes also had decreased levels of sphingolipids, the 431 

bioactive membrane lipids which regulate angiogenesis in the placenta 102 and bone remodeling 103. This 432 

is of specific interest since offspring of BTP sheep exhibit disrupted bone homeostasis 49.  Similar results 433 

showing disrupted fatty acid metabolism in response to EDC exposure have also been reported in 434 

metabolomic studies in humans 104.    435 

In addition to lipid metabolites, other metabolites involved in fatty acid metabolism were also 436 

impacted by BTP exposure. For instance, higher levels of 2-methyl hippuric acid and hydroquinone, which 437 

are biomarkers for internal exposure of benzene 105,106 and associated with disturbed fatty acid oxidation 438 

107 were evident in the BTP group. Among the differentially abundant metabolites in the BTP sheep were 439 

13 established markers of inborn errors of metabolism, namely, citrulline, inosine, phenylalanine, 440 

acetylserine, ornithine, pyroglutamic acid, sebacic acid, succinyladenosine, uridine, valerylglycine, 441 
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hexanoylglycine, aminoadipic acid and phenylacetylglycine. Inborn errors of metabolism are caused by 442 

dysfunction in pathways within cellular organelles like mitochondria 108 and are indicative of disrupted 443 

lipid metabolism. Additionally, two of these differential metabolites, hexanoylglycine 109 and 444 

phenylacetylglycine 110, have previously been used to diagnose disorders of mitochondrial fatty acid -445 

oxidation in humans. Another metabolite that had lower levels in the BTP sheep, pantothenic acid 446 

(Vitamin B5), is known to play an important role in fatty acid synthesis and -oxidation 111 and is essential 447 

for normal fetal growth, as its deficiency in maternal plasma is associated with poor birth outcomes in 448 

offspring 112. The observed changes in the lipid profile are reflective of changes in fatty acid metabolism 449 

that may have contributed to the phenotypic changes reported earlier in the BTP model. 41,42,52-54,56. 450 

 451 

4.2. Multiple amino acid pathways are influenced by biosolids exposure: Organic acids that primarily 452 

included amino acids (AA) comprised a large portion of the maternal metabolome affected in the BTP 453 

sheep. AA play a key role in placental and fetal development and any disturbances in maternal AA levels 454 

could compromise whole body homeostasis and fetal growth 113. EDCs can compromise maternal amino 455 

acid balance, as evident from earlier studies that have found increased levels of arginine, tyrosine, 456 

phenylalanine, methionine, leucine, and valine in the maternal circulation following exposure to phthalates 457 

114. Similarly, we found components of the arginine metabolic pathway including citrulline, ornithine, 458 

homoarginine, creatine, and creatinine to be reduced in BTP sheep, which may provide a link to the 459 

alterations in gonadal development previously described  53,56,115. Homoarginine metabolism has been 460 

implicated in normal ovarian folliculogenesis 116, and decreased levels of homoarginine in BTP sheep may  461 

have contributed to the altered proportions of fetal ovarian follicles 115 and aberrant gene and protein 462 

expression in oocytes 56,115 of BTP offspring. Disruption of arginine metabolism, through ornithine and 463 

citrulline, may also be implicated in the testicular dysgenesis-like phenotype seen in BTP offspring 53, as 464 
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metabolites of arginine are important for spermatogenesis, sperm quality, and male fertility 41,52,53,117,118 465 

.The increase in tyrosine accompanied by the decrease in its precursor, phenylalanine in the BTP sheep 466 

could be functionally important as altered plasma tyrosine levels is suggested to impact thyroid 467 

function.119 Previous reports indicate BTP exposure results in outcomes related to the delayed thyroid 468 

development 57, which could be related to the altered maternal phenylalanine-tyrosine metabolism 57  and 469 

thyroid function 119.  470 

Exposure to BTP also had an impact on one-carbon metabolism, that manifested as an increase in 471 

methionine, betaine, and pyridoxamine (a form of vitamin B6). One carbon metabolism is important to 472 

generate products for synthesis of nucleic acids 120 and S-adenosylmethionine (SAM), which is the 473 

primary methylating agent for epigenetic modifications that occur during pregnancy 113,121,122. In pregnant 474 

sheep, methionine levels start to rise at mid-gestation in maternal plasma 123, supportive of the importance 475 

of methionine and one carbon metabolism for fetal development.  476 

Finally, the branched chain amino acids (BCAAs) metabolism involving the amino acids leucine, 477 

isoleucine, and valine was one of the top differential pathways identified in this study, with higher levels 478 

of BCAA seen in plasma of BTP sheep. BCAAs influence arginine metabolism and one carbon 479 

metabolism, are involved in the regulation of bone mineral density 124, and shares links with lipid 480 

metabolism 125  indicating their requirement for a wide variety of roles in the body 126,127. Also, altered 481 

BCAA and/or lipid metabolism as seen in the BTP sheep, is characteristic of programming of metabolic 482 

disease128. Unpublished data from our group indicates that hypothalamic expression of markers related to 483 

energy balance and lipid metabolism are perturbed in prepubertal offspring of BTP sheep, while post-484 

pubertal males have increased backfat thickness.   485 

The potential markers of BTP exposure identified in this study- oleamide, 15-HeTrE and 486 

pyroglutamic acid have been implicated in fetal growth and development. 15-HeTre modulates 487 
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arachidonic acid metabolism 129 and upregulates PPARγ expression 130, factors that are associated with 488 

fetal programming131,132. Pyroglutamic acid is an intermediate in glutathione metabolism and oxidative 489 

stress regulation 133, in addition to playing an essential role in ovarian development 134. The elevation in 490 

phenyllactic acid in BTP sheep, which is a metabolic biomarker for phenylketonuria 135 and a contributor 491 

to oxidative stress 136, is suggestive of increased oxidative stress in the BTP mother. Phenylalanine 137, 492 

hydroquinone 138, allantoin 139, which were present at higher levels in the BTP group, are also established 493 

oxidative stress markers. The possibility that BTP mothers were subject to higher levels of oxidative stress 494 

is also supported by the observation that BTP ewes had higher levels of BCAA that is known to promote 495 

oxidative stress 140 and lower levels of bilirubin and its metabolic precursor biliverdin which are proposed 496 

to have antioxidant activities 141.  497 

Overall, the biology of the identified differential metabolites in BTP sheep collectively point 498 

towards disrupted fatty acid oxidation and increased lipid storage, which are features associated with 499 

chronic oxidative stress in pregnancy.142 Fatty acid oxidation disorders result in the accumulation of 500 

oxidation substrates which leads to pathological levels of oxidative stress resulting in disturbed 501 

mitochondrial respiratory chain and energy production.143 Oxidative stress as a consequence of 502 

environmental chemical exposure is well documented 144-147 and has been identified as one of the 503 

hallmarks of environmental insults 148. Elevated oxidative stress is speculated to alter normal placental 504 

osteogenic signaling and fetal skeletal formation 149. Maternal oxidative stress also interferes with normal 505 

oogenesis 150, ovarian follicular growth and development 151,152, spermatogenesis 153, and reproductive 506 

indices 154 in the fetus. Hence, oxidative stress response to BTP exposure may have contributed to the 507 

phenotypic changes seen in the offspring of the BTP sheep model including altered bone density, ovarian 508 

and follicular development, spermatogenesis and fetal growth 41,42,52-54,56, an aspect that remains to be 509 

investigated. 510 
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 511 

4.3. Fetal sex-effects on the maternal metabolome: Our study indicates that BTP animals carrying 512 

female fetuses exhibited more significant changes in the maternal metabolome, compared to animals with 513 

male fetuses. While it is well established that maternal metabolites are important factors for maternal-fetal 514 

communication, 60 and sex-specific differences in fetal responsiveness to changes in maternal milieu exists 515 

155 the converse, namely impact of fetal sex on maternal metabolome is not well studied. Recent studies 516 

have highlighted that some maternal lipids 156 and their gestational stage-specific distribution 157 differed  517 

by fetal sex, although the underlying mechanism is unknown. In our study, we found the organic acid 518 

class of metabolites to be higher in animals with male fetuses. There is evidence of differential distribution 519 

of fatty acids and amino acids between maternal plasma and cord blood, 158 159 suggestive of differential 520 

intrauterine nutrient transfer.  An earlier study reported fetal sex-specific differences in placental uptake 521 

of unsaturated fatty acids in obese women 160,161. Nutrient handling and transport of metabolites to the 522 

fetuses by the placenta could be sex-specific leading to sex-specific differences in the maternal 523 

metabolomic profile. It has been suggested that in women with normal glucose tolerance 162 and 524 

diabetes163, women carrying a female fetus have lower fasting plasma glucose concentrations compared 525 

to those bearing a male fetus. Fetal sex is also known to influence the maternal steroidal milieu164. In this 526 

context, our findings suggest that fetal sex influences the maternal metabolome, the precise mechanism of 527 

which needs to be investigated. Fetal sex-specific maternal metabolic response to BTP-exposure that 528 

affected only animals carrying fetuses of a particular sex were evident in the concentrations of certain 529 

lipid sub-classes, alkaloids, polyketides and benzenoids. Additionally, the benzenoids class of metabolites 530 

show a significant interaction between the treatment and fetal-sex effects. Studies on sex-specific 531 

differences on placental and maternal metabolomes are only emerging and further paired studies 532 
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comparing maternal and fetal/placental metabolome at different timepoints will provide better insights 533 

into the effect of fetal sex on the maternal metabolome. 534 

 535 

4.4. Strengths: Ours is the first proof of concept study to apply metabolomics to validate the effect of 536 

real-life environmental chemical exposure at environmentally relevant concentrations in a large animal 537 

model. Metabolomics provides a molecular snapshot of the subject in response to an environmental 538 

exposure, providing avenues to identify potential biomarkers of environmental chemical exposure and 539 

perturbed biological mechanisms 66,165,166. Several studies have utilised metabolomics to identify the 540 

health implications of exposure to environmental pollutants such as microplastics 167, heavy metals 168, 541 

cadmium 169, particular matter 170, trichloroethylene 171, manganese 172, bisphenol A 173 and PFAS 174.  542 

However, metabolomic studies are lacking in the area of the effects of environmental chemical mixtures 543 

with the exception of a cohort study on mixed environmental exposure response 175; consequently our 544 

study contributes towards helping fill this gap in knowledge. As the sheep is an outbred, translationally 545 

relevant animal model which has a developmental trajectory similar to humans, our study offers a realistic 546 

assessment of risk to human health. With the widespread use of biosolids in agriculture for crop and animal 547 

production, its use for land remediation, and for golf courses and domestic use (lawns and gardens), 548 

humans are also at risk of exposure to the various chemicals present in biosolids. 549 

 550 

4.5. Limitations: The major limitation of this study, as with other untargeted metabolomics studies, is the 551 

large number of unknown features that are absent from the metabolomics database 176 and hence not 552 

annotated. Metabolite identification is intrinsically difficult owing to the chemical complexity and 553 

diversity of metabolomes 177. Unfortunately, the sheep plasma metabolome lacks representation in public 554 
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databases. We attempted to overcome this limitation through the use of alternative data dependent analysis 555 

for further identification of unknowns. Another caveat of untargeted metabolomics is that the number of 556 

samples is greatly outnumbered by the number of variables analyzed, which can lead to problems in 557 

statistical analysis, and the reporting of false positives which can lead to erroneous biological conclusions 558 

178,179. To combat this, we have used stringent criteria including two parameters, namely VIP score and 559 

false discovery rate adjusted P values to identify differentially abundant metabolites. Although supervised 560 

approaches like OPLS-DA have a tendency to over-fit data, through the identification of separate classes 561 

even in the absence of real distinction between them, we have used permutations to test for the significance 562 

of class separation and confirmed our results using a second tool (SIMCA). Also, our R2Y and Q2 values 563 

were comparable, a parameter that shows the pertinence of the OPLS-DA model 180. As the 564 

MetaboAnalyst software used only a small subset of the differential metabolites that were mapped to 565 

HMDB and excluded the lipids for the pathway analysis, this could have introduced a bias in analysis and 566 

lead to an incomplete picture of the pathways affected. Hence, we looked at the functional role of each of 567 

the metabolites and related them to the pathways they are involved in. Within the data set obtained in this 568 

study we noticed large inter-animal variability in the level of metabolites. This could suggest that not all 569 

animals were equally exposed (e.g., due to differences in grazing patterns or biosolids distribution) or that 570 

they do not all respond equally to biosolids exposure. Although this is an analytical complexity, we feel 571 

that it is also a strength of the model as it more truly reflects the real-world scenario where every individual 572 

is exposed to different combinations and concentration of chemicals and due to individual differences may 573 

respond differently to the insult they are exposed to. 574 

 575 

4.5.1. Challenges of working with Biosolids: Working with biosolids has several technical limitations 576 

compared to conventional chemical mixtures. It is difficult to give a toxicological assessment of biosolids 577 
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as the composition is likely to vary from location to location and even between batches at the same 578 

location. However, this reflects real-life exposure in humans, as no one is exposed to the same set of 579 

chemicals at the same level. Although a study supported by the U.S. Environmental Protection Agency 580 

has recently documented a list of 726 chemicals present in biosolids 181, it is not practical to document the 581 

exact composition and concentrations of hundreds of chemicals that constitute the biosolids used in our 582 

study. Earlier publications have documented the chemical makeup of biosolids used at that time within 583 

this model. 36,182 The difference between the concentrations of biosolids in the soil, within the plant, or on 584 

the surface of the grass was not assessed in this study. However, it is likely that water soluble compounds 585 

will be taken up by the root of the grass and deposited within the grass blades, while lipophilic compounds 586 

will remain on the surface of the plant 183 and the grass (and some soil containing biosolids) are ingested 587 

by sheep. Apart from ingestion, other routes of exposure of sheep to biosolids includes inhalation and 588 

absorption31. Additionally, sheep have ruminal microbes that could process some compounds found in 589 

biosolids into other forms, which could not be accounted for in this study. Although care was taken to 590 

ensure that the total nitrogen content was the same for both the biosolids treated and the conventional 591 

fertilizer pastures, as nitrogen is usually the rate limiting nutrient for crop production 184, the different 592 

types of fertilizer could impact the micro/macro nutrient content of the grass that may have contributed to 593 

differences in the metabolome. This, however, would be true when comparing any two types of fertilizer 594 

with different compositions. 595 

 596 

4.6. Future directions:  597 

With fatty acid oxidation and oxidative stress emerging as key pathways perturbed in this study, 598 

we will investigate markers of these two pathways in control and BTP tissues and plasma samples to 599 

confirm our findings. To confirm the effects of these metabolites on fetal programming, we will undertake 600 

detailed phenotyping of the offspring of BTP animals. The epigenome is reflective of environmental 601 



 27 

exposures with epigenetic marks serving as biomarkers of exposure185, and the metabolomics results need 602 

to be correlated with the epigenomic data from offspring to identify interactions. These studies are 603 

underway. It will be interesting to compare the metabolomes of the exposed mother and F1 and F2 604 

generations which were not directly exposed to BTP to confirm if the effects of biosolids exposure on the 605 

metabolome is transient or persistent.  606 

This study brings to light the importance of understanding how environmental chemicals may 607 

cause adverse outcomes. Our findings raise a question on the widespread use of biosolids as alternative to 608 

inorganic chemical fertilizers, which can be problematic at two levels: 1) it introduces a cocktail of 609 

environmental chemicals, including endocrine disruptors, into the ecosystem that ultimately constitutes 610 

our food chain, with the potential risk of biomagnification, and 2) consuming food, from either plant or 611 

animal sources, contaminated with environmental chemicals amplifies our daily exposure to these 612 

chemicals and exposes us to a new array of chemicals. This raises the question if switching to biosolid 613 

fertilizers over conventional chemical fertilizers is as beneficial as originally believed. 614 

5. Conclusion: 615 

Our study provides evidence that exposure to biosolids significantly alters the maternal 616 

metabolome, which is characterized by changes in lipid and branched chain amino acid metabolism, 617 

possibly as a response to oxidative stress from the exposure to chemicals present in the biosolids. These 618 

factors likely contribute to the adverse metabolic outcomes observed previously in the offspring. Biosolids 619 

exposure represents real-life, day-to-day exposure to chemicals, including endocrine disruptors. This is 620 

the first study to show that a real-life scenario of chemical exposure can influence whole body metabolism, 621 

which could have major consequences in both adults and pregnant mothers. 622 
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Figure Captions: 1162 

Figure 1: Multi-variate analyses of known metabolites in maternal plasma of all animals in control (n=15) 1163 

and BTP (n=13) groups. The top panel represents principal component analysis score plots from negative 1164 

ion mode (left) and positive ion mode (right) and the bottom panel shows orthogonal projections to latent 1165 

structures discriminant analysis score plot from negative ion mode (left) and positive ion mode (right) 1166 

showing separation based on serum metabolites.  Each point represents one animal, and the ellipse 1167 

indicates 95% confidence intervals.  1168 

 1169 

Figure 2: Differential Metabolites. (a) Pie-chart of distribution of the differential metabolite classes. (b) 1170 

Pie-chart of different sub-classes of lipids and lipid-like molecules (c) Pie-chart of different sub classes of 1171 

organic acids and derivatives. (d) Pathway analysis based on the differential metabolites. X-axis shows 1172 

the -log P values from the pathway enrichment analysis. The node color and radius are based on its P value 1173 

and enrichment ratio, respectively.  1174 

 1175 

Figure 3: Effect of Biosolids exposure on different classes of differential metabolites. The bar graph 1176 

represents peak intensities of different sub classes of metabolites between the control (n=15) and BTP 1177 

(n=13) groups.  ** P < 0.001 Mann-Whitney U test with Benjamini Hochberg correction.  Figures 1178 

represent summary of all differential metabolites grouped together; levels of individual metabolites of 1179 

functional significance are represented in figures 4 and 5. 1180 

 1181 

Figure 4: Effect of Biosolids exposure on different sub-classes of lipids. Bar graph represents peak 1182 

intensities of differential metabolites of the lipid super-class between control (n=15) and BTP (n=13) 1183 

groups *P < 0.05 ** P < 0.001 Mann-Whitney U test with Benjamini Hochberg correction.  1184 



 42 

 1185 

Figure 5: Effect of Biosolids exposure on different sub-classes of amino acids. Bar graph represents peak 1186 

intensities of differential metabolites belonging to different amino acid pathways between the control 1187 

(n=15) and BTP (n=13) groups *P < 0.05 ** P < 0.001 Mann-Whitney U test with Benjamini Hochberg 1188 

correction.  1189 

 1190 

Figure 6: Potential markers of biosolids exposure in plasma. (a) OPLS-DA S-plot of metabolites from 1191 

maternal plasma showing potential metabolite markers of biosolid exposure. The up and down arrows 1192 

indicate metabolites with elevated and decreased levels in response to biosolid exposure, respectively. 1193 

Each point represents a metabolite.  (b) Top 25 differential metabolites identified by OPLS-DA according 1194 

to the VIP score on the x-axis. The relative concentration of the metabolite in each group is indicated by 1195 

the colored boxes on the right with blue and red indicating lower and higher concentrations, respectively. 1196 

C-Control, BTP- biosolid treated pasture. (c) Heat maps of the top 25 significant differential metabolites 1197 

based on the t-test. Individual animals from Control and BTP groups are represented on the x-axis and the 1198 

metabolites on the y-axis. Red represents higher and blue represents lower concentrations of the 1199 

metabolite. 1200 

 1201 

Figure 7: Fetal sex-specific analysis of metabolites. Multi-variate analyses of known metabolites in 1202 

maternal plasma of (a) animals with male fetus only and (b) animals with female fetus only. In both (a) 1203 

and (b), the top panel represents principal component analysis score plots from negative ion mode (left) 1204 

and positive ion mode (right) and the bottom panel shows orthogonal projections to latent structures 1205 

discriminant analysis score plot from negative ion mode (left) and positive ion mode (right) showing 1206 

separation based on serum metabolites.  Each point represents one animal, and the ellipse indicates 95% 1207 
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confidence intervals. (c) Effect of Biosolids exposure on different classes of differential metabolites based 1208 

on fetal sex. The bar graph represents peak intensities of different sub classes of metabolites between the 1209 

control and BTP groups in animals with male fetus (control, n = 9; BTP, n = 5) and animals with female 1210 

fetus or female fetus only (control, n = 5; BTP, n = 7). *P < 0.05 **P < 0.01, *** P < 0.001 by two-way 1211 

ANOVA with Tukey’s multiple comparison test.   1212 

 1213 

Supplementary Figure Captions: 1214 

 1215 

Figure S1: (a)Principal Component Analysis score plots from negative ion mode (left) and positive ion 1216 

mode (right) based on plasma metabolites from a. all animals in control and BTP groups, including two 1217 

outliers from the BTP group that lie outside the 95% confidence interval margin. (b) Multivariate analysis 1218 

using SIMCA. The top panel represents principal component analysis score plots from negative ion mode 1219 

(left) and positive ion mode (right) and the bottom panel shows orthogonal projections to latent structures 1220 

discriminant analysis score plot from negative ion mode (left) (R2Y= 0.97, Q2 = 0.81) and positive ion 1221 

mode (right) (R2Y= 0.99, Q2 = 0.93) showing separation based on serum metabolites.  Each point 1222 

represents one animal, and the ellipse indicates 95% confidence intervals. 1223 

 1224 

Figure S2. (a) Heat maps of the top 25 significant differential metabolites in negative (left) and positive 1225 

(right) mode. Individual animals from control (n=15) and BTP (n=13) groups are represented on the x-1226 

axis and metabolites on the Y-axis. Red represents higher and blue represents lower expression of the 1227 

metabolite. (b) The top 25 differential metabolites identified by OPLS-DA in the negative (left) and 1228 

positive (right) ion modes, according to the VIP score on the x-axis. The relative concentration of the 1229 
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metabolite in each group is indicated by the colored boxes on the right with blue and red indicating lower 1230 

and higher concentrations, respectively. 1231 

 1232 

Figure S3: Heatmap of differential metabolites belonging to the sub class of lipids and lipid like molecules 1233 

grouped according to their sub-class. Individual animals are represented on the x-axis and metabolites on 1234 

the y-axis. Red represents higher and blue represents lower concentrations of the metabolite in BTP 1235 

samples compared to control samples. The different sub-class of lipids are indicated on the left. 1236 

 1237 

Figure S4: Heatmap of differential metabolites belonging to the sub class of organic acids and derivatives. 1238 

Individual animals are represented on the x-axis and the metabolites on the y-axis. Red represents higher 1239 

and blue represents lower concentration of the metabolite.  1240 

 1241 

Figure S5: Heatmap of differential metabolites belonging to the sub class of (a) nucleotides and 1242 

analogues, (b) alkaloids, (c) phenylpropanoids and polyketides, and (d) organic compounds including 1243 

organo-heterocyclic, organic nitrogen, organic oxygen and organo-sulfur compounds. Individual animals 1244 

are represented on the x-axis and the metabolites on the y-axis. Red represents higher and blue represents 1245 

lower concentration of the metabolite.  1246 

 1247 

Figure S6: Top figure shows heatmap of differential metabolites belonging to the sub class of Benzenoids. 1248 

Individual animals are represented on the x-axis and metabolites on the y-axis. Red represents higher and 1249 

blue represents lower expression of the metabolite. Bottom figure represents the Correlation Network 1250 

between the differential metabolites. Each node indicates a differential metabolite and thickness of lines 1251 
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represent the strength of the correlation. The differential metabolites of the benzenoid class are indicated 1252 

by *. 1253 

Figure S7: Fetal sex-specific analysis of metabolites using SIMCA. (a) Multi-variate analyses of known 1254 

metabolites in maternal plasma of animals with male fetuses only. The top panel represents principal 1255 

component analysis score plots from negative ion mode (left) and positive ion mode (right) and the bottom 1256 

panel shows orthogonal projections to latent structures discriminant analysis score plot from negative ion 1257 

mode (left) (R2Y= 1 , Q2 = 0.72 ) and positive ion mode (right) ((R2Y= 1 , Q2 = 0.75) showing separation 1258 

based on serum metabolites (b) Multi-variate analyses of known metabolites in maternal plasma of 1259 

animals with female fetuses only. The top panel represents principal component analysis score plots from 1260 

negative ion mode (left) and positive ion mode (right) and the bottom panel shows orthogonal projections 1261 

to latent structures discriminant analysis score plot from negative ion mode (left) (R2Y= 0.99, Q2 = 0.69) 1262 

and positive ion mode (right) (R2Y= 1, Q2 = 0.84) showing separation based on serum metabolites.  Each 1263 

point represents one animal, and the ellipse indicates 95% confidence intervals. 1264 

 1265 

Figure S8: Differential metabolites identified in ewes carrying male fetuses (control, n= 9 and BTP, n= 1266 

5). Red represents higher and blue represents lower concentrations of the metabolite. 1267 

  1268 

Figure S9: Differential metabolites in ewes carrying female fetuses. (Control, n= 5 and BTP, n= 7) VIP 1269 

score plot and heat-map of metabolites. (a) Top 25 differential metabolites identified by OPLS-DA in 1270 

ewes carrying a female fetus according to the VIP score on the x-axis. The relative concentration of the 1271 

metabolite in each group is indicated by the colored boxes on the right. (b) Heat map of the top 25 1272 

significant differential metabolites in ewes carrying a female fetus. The samples are represented on the x-1273 
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axis and metabolites on the y-axis. Red represents a higher concentration and blue represents lower 1274 

concentration of the metabolite. 1275 

 1276 

 1277 

 1278 

Table Legends: 1279 

Table 1: Top 10 differentially abundant metabolites identified from the negative ion mode and positive 1280 

ion mode 1281 

Supplementary Table S1: Differentially abundant metabolites between Control and BTP groups of all 1282 

animals 1283 

Supplementary Table S2: Descriptive statistics for Control and BTP comparison  1284 

Supplementary Table S3: Differentially abundant exogenous metabolites and their source 1285 

Supplementary Table S4: Differentially abundant metabolites between Control and BTP groups of ewes 1286 

carrying male fetuses 1287 

Supplementary Table S5: Differentially abundant metabolites between Control and BTP groups of ewes 1288 

carrying female fetuses 1289 

Supplementary Table S6: Descriptive statistics for Control and BTP comparison based on fetal sex 1290 

 1291 
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Table 1

Differential metabolites from Negative ion mode Differential metabolites from Negative ion mode
S No. Metabolite name VIP Score Adj P 

value
Metabolite name VIP Score Adj P value

1 15-HeTrE 2.7 1.59E-09 Oleamide 2.6 1.28E-07
2 Methionine 2.3 1.28E-03 5-Hydroxytryptophol glucuronide 2.4 2.20E-05
3 Arg-Ile-Pro 2.3 1.13E-04 Pyroglutamic acid 2.4 3.38E-05
4 Pyroglutamic acid 2.3 1.77E-04 Asp-Val 2.2 2.10E-04
5 N-Decanoylglycine 2.3 4.73E-04 CAR(3:0(OH)) 2.3 2.10E-04
6 N2-Acetyl-L-Aminoadipate 2.2 2.75E-04 Tetraphenylphosphonium 2.2 2.10E-04
7 5-Aminopentanoic acid 2.2 2.03E-03 Ecgonine 2.3 2.10E-04
8 Pseudoecgonine 2.2 5.22E-04 Ornithine 2.3 3.10E-04
9 2-Butenyl-4-methylthreonine 2.2 4.73E-04 CAR(DC6:0) 2.3 3.61E-04
10 Viridiflorine beta-lactone 2.2 1.33E-03 Lysine 2.2 3.61E-04
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